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Abstract

The role of oxygen as a shallow donor and a DX-state in GaN is elucidated by recent Raman experiments under

hydrostatic pressure and the findings of first principles calculations. A pressure induced transfer of electrons from a
shallow donor state to a deep DX-like state of the same donor can be correlated with vibrational gap modes by
monitoring the freeze-out dynamics. Both features are unique to oxygen doped GaN and cannot be observed in Si

doped material. The gap modes can be well explained by a linear chain model of impurity vibrations of substitutional O
on the N site. A mode variation, and switching steps in its pressure behavior, which occurs in parallel to the carrier
freeze-out are proposed to reflect three different charge states of the strongly localized states of O. This DX-type

behavior as well as the experimental threshold pressure values are in excellent agreement with the theory results.# 2001
Published by Elsevier Science B.V.
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1. Introduction

To classify a solid as a semiconductor requires
the capability to control its electrical conduction at
will. In this context, however, a wide band gap
usually qualifies the crystal as an insulator. A wide
band gap semiconductor, therefore, bears the
promise to overcome this contradiction to turn

an insulator into a semiconductor}by doping.
Consequently, introducing shallow electronic level
impurities into wide band gap group-III nitrides is
the prime challenge for the technological exploita-
tion of this electronic system which is poised to
boost efficiency and power density in future
optoelectronic and electronic switching applica-
tions [1–3]. Donors in GaN play an important
role, and we here put into perspective our recent
findings on the DX center of the oxygen donor
[4–6]. Infrared and Raman spectroscopy with the
sample under large hydrostatic pressure are used
to monitor the free electron concentration and
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characteristic vibrational modes. We compare
these results with experimental findings in the
literature and with recent first principles theory
results [7–12].
The challenge of doping wide-gap materials is

well reflected in the properties of group-III
nitrides: InN, Egap ¼ 1:9 eV, is usually highly n-
type, GaN, 3.4 eV, is typically highly n-type and
AlN, 6.2 eV, is typically highly insulating. The
technological development of this class of materi-
als to a Billion US-dollar per annum market is
directly linked to the ability to control the
electronic conduction in GaN for both types, n
and p. After the first investigations of as-grown
highly n-type GaN in 1969, the challenge to
control the free carrier concentration of both types
had kept the field at a low rate of research activity
as shown in Ref. [1]. Without the ability to reduce
n-type conduction to low background levels and to
produce p-type material interest in the field
gradually declined. It was not until significant
improvements in the crystalline quality of GaN
using vapor phase epitaxy based on low-tempera-
ture deposited buffer layers in 1986 [13] that this
trend was inverted and an exponential growth of
research and industrial activities was initiated.
The first controlled n-type conductivity by Si

doping [14] and successful p-type doping by Mg
[15,16] was soon after demonstrated by the same
group. The nature of the high donor doping level
background limiting the n-type controllability and
achievement of p-type conduction, however, was
not revealed. The presence of O as an uninten-
tional donor had been suggested [17] but thermo-
dynamical arguments of a very high N2 pressure
over the solid favored as a candidate the native
defect of the nitrogen vacancy. In fact the nitrogen
vacancy became synonymous with the unidentified
n-type donor.
When small GaN bulk crystals (0.3mm)2 of

high crystalline quality [18], became available we
devised experiments under large hydrostatic pres-
sure (p) to clarify the doping levels and chemical
nature of the dopant according to their respective
pressure shift. These small platelets had a free
electron concentration (N) of 1� 1019–5�
1019 cm�3 of as-of-then unaccounted origin. In
an infrared absorption experiment, Perlin et al.

[19] showed that N drops at large hydrostatic
pressure of 19GPa revealing a strongly localized
level of the donor with a pressure coefficient
smaller than the band gap. In parallel, we showed
that the Reststrahlen band in the infrared is
restored at 27GPa demonstrating insulator beha-
vior at that pressure [4]. Also, under these
conditions, Raman spectroscopy was used to show
that the A1(LO) phonon mode reappears after
decoupling from the free carrier plasmon. From a
line shape analysis a quantitative interpretation
could be performed in terms of N and the level
binding energies [4]. Such a behavior was in
qualitative agreement with expectations for the
native defect of the nitrogen vacancy and not
before a study of material with identified donor
dopants was it possible to show that such a
behavior is that of O [5,20].
This prompts the question of the role of O in the

group-III nitrides in general. In compound semi-
conductors like GaAs and GaP, oxygen induces a
deep midgap state, and it does not act as a shallow
donor. In fact the discussion of the source of the
high n-type background dopant pointed towards
Si as the culprit after first principles calculations
theory [12] concluded that nitrogen vacancies
should be thermodynamically favorable only as a
compensating center in p-type GaN. They should
not be stable in high densities in n-type material
and therefore could not be the very source of
N41016 cm�3. Once, however, the background
doping level was reduced, Si-doped GaN shows
the typical behavior of a shallow donor with good
controllability of N in the range of 1017 cm�3–
1020 cm�3 [14]. Hall experiments revealed a ther-
mal activation energy of 32meV [21] in close
agreement with the value of effective mass theory.
From this it follows that a discussion of the role of
O in GaN and the other group-III nitrides would
have to be compared with Si.
For this purpose a perturbation experiment

under large hydrostatic pressure proved ideally
adapted to the problem. Reduction of the lattice
parameter under pressure stiffens the lattice
potential leading to an energetic shift of Eigen-
states. The shift scales with the spatial extension of
the wave functions in real space which is the
reciprocal of their localization in momentum
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space. Electronic states of different localization are
therefore classified along their different shift under
hydrostatic pressure. In this way effective mass
type states will follow the increase of the band gap
while states averaging the entire Brillouin zone
usually show a much weaker shift [22]. The
technique has a second, application-relevant as-
pect in the simulation of band gap variation by
alloying. In the well-studied case of GaAs applica-
tion of hydrostatic pressure is mutually equivalent
to alloying with AlAs into AlGaAs. Results for the
binary system under pressure therefore can directly
be transferred to the alloy and vice versa.

2. Experimental details

The sample material used was small bulk GaN
platelets prepared by growth from the solution at
large pressure and high temperatures [18]. A SIMS
analysis typically revealed an O incorporation of
1� 1020 cm�3 [5]. To test a correlation with
intentionally doped material, we investigated O
doped GaN from hydride vapor phase epitaxy [23]
and Si doped material from metal organic vapor
phase epitaxy (MOVPE) [21]. As a reference for
the phonon spectrum, we used MOVPE material
at a low Si doping level of 1� 1016 cm�3 [21].
Details of the samples are summarized in Table 1.
Raman spectroscopy in non-resonant excitation

by a 100mW, 476.5 nm beam of an Ar ion laser
was performed in z(-, -)z forward scattering
geometry of the basal plane. Hydrostatic pressure
up to p ¼ 38GPa was applied by means of
diamond anvil cells. The pressure medium for all

room-temperature experiments was N2. The pres-
sure in the cell was monitored by standard Ruby
luminescence and subsequently by the E2 phonon
frequency. Infrared reflection was performed using
a Fourier transform infrared spectrometer with
microscope optics. The dopants electronic donor
level is studied by monitoring N. Further details
are given in the original works [4–6,20].

3. DX-type behavior of donor

3.1. Free electron concentration in optical
spectroscopy

In order to avoid electrical feed-throughs in the
pressure cell we rely on contactless optical
techniques by means of the interaction of the free
carrier plasmon with the LO phonon branch [4]. In
forward or backward scattering geometry of
wurtzite Raman selection rules allow the observa-
tion of E2(low), E2(high) (=E2) and A1(LO)
phonon modes [24]. In infrared the A1(TO) mode
is active. Consequently it is the A1(LO) mode, or
the E1(LO) mode in their respective polarization,
that couples to the electric field of the free carrier
plasmon.
Fig. 1 presents a series of epitaxial GaN layers

on sapphire prepared by MOVPE with variable Si
doping concentration in the range from 4� 1016 to
5� 1019 cm�3 [25]. As apparent from the selection
rules the strong E2 mode is unaffected by N and
therefore, serves as a good internal scale for the
scattering intensity. In the sample with lowest N
the A1(LO) mode appears unperturbed at

Table 1

Parameters of some of the GaN samples studied. ND denotes the averaged experimental impurity concentration of known donor type

species from SIMS profiles. (MOVPE: metal organic vapor phase epitaxy, HVPE: hydride vapor phase epitaxy, HPS: high pressure

synthesis, SIMS: secondary ion mass spectroscopy)

Sample Growth mel (Hall) (cm
2Vs�1) Nel (Hall) (10

16 cm�3) ND (SIMS) (cm
2Vs�1)

O1 HVPE 90 3500 O: 2000, Si: 30

O2 HVPE 124 1000 O: 800, Si: 30

Si MOVPE 170 1000 Si:1000

Ref MOVPE 410 8.9 Si: 9

Bulk HPS 60 1000–5000 O: 10,000, Si: 10
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nmax ¼ 736 cm
�1. For increasing N the maximum

shifts to higher energies, it broadens and its
intensity is spread over a wider energy range. This
is due to the increased coupling with the free
electrons. This range of interaction is seen in
Fig. 2, where mode frequencies are plotted versus
N. The results shown here fall in the L+ coupled
range, where the pure phonon-like branch ap-
proaches the plasmon branch [26]. The line shape

can well be described within an oscillator model
based on established parameters and the following
relation proves useful [4]:

N ¼ 1:1� 1017 cm�3ðnmax=cm�12736Þ0:764: ð1Þ

This optical phonon–plasmon coupled mode
has proven to be a sensitive way to derive N in the
relevant range 1016 cm�35N51019 cm�3. The
same coupling can be observed in infrared spectro-
scopy [4]. Within the same c-plane sample orienta-
tion E1 modes are infrared active. Within the
phonon region enhanced reflection from the well-
known Reststrahlen band appears between the TO
and the LO phonon frequencies. Here the coupling
results in a shift of the reflection minimum on the
high energy side of the Reststrahlenband towards
higher frequencies and a gradual vanishing of the
minimum with increasing N. Fig. 3a compares the
infrared reflection of a bulk sample with
N ¼ 1� 1019 cm�3 with that of an epitaxial layer
at N ¼ 3� 1017 cm�3 grown by the sublimation
sandwich method [27]. Again an analysis of the
line shape and the position of the minimum of the
phonon–plasmon coupled mode within the oscil-

Fig. 2. Experimental (symbols) and theoretical (line) dispersion

of the A1 phonon, plasmon, and the L
� and L+ branches of the

phonon-plasmon coupled mode. The position of the L+ mode

can be used as a direct means to derive the free carrier

concentration. After Ref. [25].

Fig. 3. (a) Infrared reflection of basal plane GaN in the phonon

region reveals the Reststrahlen band extending from the E1(TO)

mode to either the E1(LO) mode for low N or to the phonon-

plasmon coupled mode for high N. The marked positions of the

minima allow a good derivation of N. After Ref. [27]. b) The

same in highly n-type (N ¼ 5� 1019 cm�3) GaN :O as a

function of applied pressure. Only at p=25 and 27GPa the

Reststrahlen band appears after the electrons have been

captured to their deep donor level. After Ref. [4].

Fig. 1. Raman spectra of the basal plane in GaN layers of

different free electron concentration scaled to the E2 peak

height. With increasing N the A1(LO) mode couples with the

free electron plasmon and shifts to higher frequencies. After

Ref. [25].
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lator model provide good means for a derivation
of N.

3.2. Optical phonons under hydrostatic pressure

Early Raman spectroscopy of GaN under
hydrostatic pressure has been performed by Perlin
et al. [28]. The A1(LO) mode, however, was not
observed. We therefore studied epitaxial GaN with
low N up to p ¼ 25GPa and find that A1(LO)
scales to higher energies at the same rate as E2
(Fig. 4) [20]. Throughout the p-range the intensity
ratio of E2 and A1(LO) shows very little variation
and E2 also under pressure serves as a reference for
the scattering intensity. A constant narrow line
width of E2 shows that pressure conditions at the
sample have negligible spatial or directional
inhomogeneity, e.g., the case of hydrostatic
pressure is well supported. After scaling with the
Ruby luminescence the linear pressure variation of
E2 serves as a secondary pressure standard. These
points provide a good set of reference.

3.3. Bulk crystals under large hydrostatic pressure

In the next step pressure is applied to the highly
n-type bulk crystals while monitoring N by
infrared reflection and Raman spectroscopy.
Infrared reflection in the phonon region for a

highly n-type bulk crystal (N ¼ 1� 1019 cm�3) at
ambient pressure and at p ¼ 25 and 27GPa
(Fig. 3b) is compared with the signal of the GaN
film from sublimation sandwich growth at low
N ¼ 3� 1017 cm�3 in Fig. 3a. The Reststrahlen
band is clearly resolved at p � 0GPa for low N;
where the plasmon and E1(LO) phonon modes are
effectively decoupled. In the case of the highly n-
type bulk crystal both are strongly coupled, which
essentially wipes out any spectral features. At p ¼
25 and 27GPa, however, the Reststrahlen band is
restored after decoupling of plasmon and phonon
[4]. Considering a pressure shift of the phonons by
+100 cm�1 as derived from the undoped sample
we conclude a drop of N to N51� 1018 cm�3

revealing the twofold nature of the dominant
donor in GaN.
A similar picture can be obtained in the Raman

experiment (A1 modes are active, Fig. 5). At
ambient pressure no signal can be observed in
the A1(LO) range near n ¼ 736 cm�1 due to the
strong coupling. Next to E2 a weak set of modes Q

Fig. 4. Phonon spectrum of little doped GaN in Raman

spectroscopy as a function of hydrostatic pressure. Both, E2
and A1(LO) shift in proportion to p with little distortion. The

behavior of E2 provides a secondary pressure scale and that of

A1(LO) serves as a reference. After Ref. [20].

Fig. 5. Raman spectra of the phonon range in highly n-type

(N ¼ 5� 1019 cm�3) GaN :O as a function of hydrostatic

pressure. Only at p > 20GPa the A1(LO) mode appears after
N has dropped to values of 3� 1017 cm�3. This reveals the

transition from a hydrogenic donor state to a deep level of the

same donor. In parallel vibrational modes Q1, Q2, and Q3
appear below E2 with variable intensity and separation from E2.

After Ref. [5].
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appears that is not part of the known phonon
spectrum. For increasing p, E2 shifts to higher
frequencies. There is little variation in the A1(LO)
phonon range up to p ¼ 20GPa beyond which this
mode reappears and grows in intensity. The mode
set Q, however, observed in parallel shows a
shifting to higher energies, with some variation in
its separation from E2 and a variation in their
respective intensities [6]. Q can be traced back to
ambient pressure with a maximum in n ¼
544 cm�1.

3.4. Analysis of the A1(LO) mode

The reappearance of the A1(LO) mode near
20GPa at a frequency expected from its counter-
part in the undoped sample reveals that N must
have dropped abruptly to values below 3�
1017 cm�3 as derived from an analysis of its line
shape and peak position. In excellent agreement
with the observation of the infrared reflection, this
data well resolves the abruptness of the transition
on this fine p scale. This observation is reversible
and the mode vanishes again upon releasing of the
pressure. The large dynamics in N and its abrupt-
ness shows that there is only one process that
produces 1� 1019 cm�3 carriers. The most likely
solution is that the very donor impurities them-
selves retrap the electrons after switching from a
shallow state to a deep one. The pressure induced
trapping implies a crossing point of the respective
electronic levels on an absolute energy scale.

3.5. Model of the pressure dependence of shallow
and deep doping levels

Doping of the crystal with isolated atoms
implies the orthogonalization of band states of
the periodic lattice with the discrete states of
individual atoms. In their combination discrete
levels of the dopant may so lie in resonance with
band states of the host lattice and/or within
forbidden band gaps. In the next step the mobile
charges rearrange to equilibrate a Fermilevel. In
this an occupied state deep in the gap might not be
affected. A state in resonance with the conduction
band (cb), however, will auto-ionize its electrons to
relax to the lower edge of this band. A Coulomb

interaction with the doping atom modified by the
dielectric constant of the host then binds the
electron to the dopant impurity into the well-
known effective mass-type hydrogenic states de-
scribed in turn as a perturbation of the band edge
states. For such donors only states in the
immediate vicinity of the cb minimum in G point
are needed. These shallow states always co-exist
with the higher lying states of the very dopant
atom. The perturbation under hydrostatic pressure
stiffens the lattice potentials raising electronic
levels on an absolute energy scale. Initially the cb
shifts much faster than the valence band and the
band gap so increases. Besides small variations due
to changing effective mass and dielectric constant
the shallow donor states directly follow the cb
minimum at an initial theoretical pressure rate of
qðEðGcÞ � EðGvÞÞ=qp ¼ 37meV/GPa. This is in
excellent agreement with the excitonic band gap
for p45:5GPa (Fig. 6) [29].
A different situation holds for the states

associated with the dopant atom. Lacking the
periodicity of the lattice due to their localized
nature in real space host wave functions of the

Fig. 6. Bandstructure model of the cb edge and a level

averaging the entire Brillouin zone as a function of p. Both

levels are aligned at 27GPa to reflect an effective ionization

energy of 126meV derived form the freeze-out dynamics. Both

levels cross near 19GPa and the localized defect level

extrapolates to a resonant state at p � 0. Crosses mark the

experimental band gap energy. After Ref. [4].
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entire Brillouin zone are required for their
representation. An appropriate average of all
those states behaves significantly different from
the minimum in G. On the basis of self-consistent
linear muffin-tin-orbital calculations of the elec-
tronic band structure in GaN under hydrostatic
pressure [30] we developed a model for shallow
effective mass states following G and strongly
localized states averaging the entire Brillouin zone
as a function of p [4].
For the localized state we average the p-

dependent shifts of the points c 2
fG; K; M; A; L; Hg using a normalized weight
function di. In di we include the degeneracy and
the number of equivalent points and their direc-
tion dependent effective mass according to the
given bandstructure calculation [30]. We find
d ¼ 7:1% (G), 19% (K), 38% (M), 8.7% (A),
19% (L), and 7.9% (H). The dominance of the M-
point results from the slowly varying dispersion in
the vicinity of M, which corresponds to a high
density of states (DOS). Using these relative
weights we obtain the p-dependence:

DEavgðpÞ ¼
X

i¼c

di½EiðpÞ � Eið0Þ�

¼ 15:4 meV�p=GPa� 0:17 meV�ðp=GPaÞ2:

ð2Þ

Eq. (2) describes the localized donor state and
shows a small upward shift (dashed line in Fig. 6).
A recent analysis of the authors of the theory
essentially confirms our findings [31]. The drop of
N from 1� 1019 to 3� 1017 cm�3 at 27GPa
requires a binding energy of a single degenerate
donor of some 126meV. We use this value with
respect to the cb edge to determine the absolute
energy of the localized level (labeled gap state).
In fact this neutral donor level crosses the cb

edge near 19GPa in good agreement with the
infrared transmission experiments [19]. It extra-
polates back to ambient pressure at EðGcÞþ
ð0:40
 0:10Þ eV (labeled resonant state). In this
range it corresponds to the defect-induced donor
level prior to autoionization. A significant drop in
electron mobility must be expected once the Fermi
energy reaches this level for N ¼ 1:3� 1020 cm�3.

Hsu et al. [32] have considered this case in the
AlGaN alloy.

4. Identification of the donor

4.1. Chemical nature of the defect

To identify the chemical nature of this donor we
studied samples with various dopants. Epitaxial
HVPE GaN with O doping at 3� 1018 cm�3 and
epitaxial MOVPE GaN with Si doping of 1�
1019 cm�3 were compared with the bulk crystals
described above. Both are highly doped and
coupling to the plasmon prevents the observation
of the A1(LO) phonon at ambient pressure. Again,
raising the pressure the A1(LO) mode appears for
p > 20GPa in the O doped sample. In contrast the
A1(LO) mode does not appear in the Si doped
material up to the highest applied pressure of
25GPa [20].
The relative intensities of the A1(LO) mode

scaled to that of E2 are shown in Fig. 7 versus p for
all the samples. The undoped sample provides the
reference for an uncoupled A1(LO) mode. The
bulk crystals show vanishing signal for low
pressure and a distinct onset for p > 20GPa. The
O doped samples show an identical behavior, while
the Si doped case shows only little variation. From
this correlation we assign the on-set near 20GPa
to a property of the O donor. Beyond p ¼ 20GPa
the localized states of O retrap the electrons that
thermalize to the cb edge at lower p. In contrast Si
behaves like a hydrogenic effective mass-type
donor within the entire pressure range. Its
associated localized level therefore lies at higher
energy.

4.2. Analysis of gap modes

The observation of the Q-modes beneath the E2
phonon in the bulk crystal deserves special
attention [6]. Again we compare this behavior
with that of the O and Si doped layers. Fig. 8a
shows the respective range in the HVPE GaN :O
sample. For comparison the spectra at various p-
points are aligned at E2. Also in this case the
multitude of modes appears with variable intensity
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and a relative mode shifting towards lower
energies. The case of the Si doped material is
shown in Fig. 8b. Here no signal whatsoever can
be assigned to such a mode and we therefore relate
the appearance of the Q-modes to the presence of
O. Fig. 9a collects the peak positions of the modes
in bulk and O doped samples. Between the E2
phonon modes (straight line) and the A1(TO)
phonon we identify a set of three parallel and
equidistant modes Q1, Q2, and Q3. With pressure
they follow the mode stiffening of E2 but at a
smaller rate. The respective intensities scaled to E2
are shown in Fig. 9b. On the basis of the full
sample set we observe that mode Q1 dominates in
intensity for p511GPa, while Q2 is dominant for
115p517GPa. Beyond that Q3 remains the
strongest mode. This can be described by an
effective mode switching in the sequence of Q1 to
Q2 and then to Q3 for increasing p. A further step

could not be observed up to the highest pressure
applied of 38GPa.

4.3. Model of O vibrational gap mode

The phonon dispersion in GaN has been
calculated from first principles [33,34]. For the
purpose of impurity studies, however, a linear
chain of springs and masses has proven to be a
suitable and descriptive model [35]. We here
consider the hexagonal basal plane of wurtzite
GaN [36] and treat three bonds of the bonding
tetrahedron as co-planar leading to a regular
hexagonal mesh of co-planar lattice sites. A linear
chain can be defined along any high symmetry axis
with alternating masses of 69Ga, mGa ¼ 69 amu,
and 14N, mN ¼ 14 amu. To account for the
alternating bonding angles we introduce two
effective constants k1 and k2 ðk1 > k2Þ of Hooke
springs connecting adjacent nuclei. Imposing a
superlattice on the Ga–N chain by such alternating
spring constants induces an additional zone
folding in reciprocal space. Consequently Eigen-
values of G-modes are proportional to m

�1=2
Ga ,

Fig. 8. Vibrational modes Q1. . .Q3 in (a) a highly O doped and
(b) a highly Si doped GaN sample as a function of pressure. All

spectra are aligned at the E2 center frequency. Several modes

can be identified in the O doped case with variable intensity and

separation from E2. A complete picture evolves from the

analysis of five samples. In the Si doped material no signal can

be identified with any similarity to the Q-modes.

Fig. 7. Relative intensities of the GaN Raman signal in the

range of the A1(LO) phonon as a function of p in samples with

various doping concentrations and dopants species. The little

doped reference sample Ref marks a constant level for the

insulating case. (a) The highly Si doped sample shows no signal

up to 25GPa revealing that Si remains a shallow donor up to

this pressure. (b) Several O doped samples as well as the bulk

crystal reveal a characteristic onset at p ¼ 20
 2GPa. This

marks a transition from a shallow donor state to a deep gap

state. The correlation with O and the large carrier dynamics are

evidence of a DX-like center of this very donor. After Ref. [5].
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m
�1=2
N , and ð1=mGa þ 1=mNÞ

1=2, which can be
identified as the E2(low), E1, and E2(high) pho-
nons. The splitting of longitudinal and transverse
phonons is not accounted here. The respective
longitudinal vibration modes are depicted in
Fig. 10a. The two parameters of the system, k1
and k2, were adjusted to reproduce the two
energies of E2(low) (n ¼ 144 cm

�1) and E2(high)
(n ¼ 570 cm�1). As a test a third value for E1,
(n ¼ 555 cm�1), was derived which closely coin-
cides with the experimental E1(TO) mode and
confirms the suitability of the model. The large
ratio of mGa=mN leads to a narrow optical phonon
band and a large splitting of acoustical and optical
phonon branches.
The role of O impurities on the N-site is studied

in the same model by replacing one mass of 14
amu by the mass of 16 amu. This constitutes the
case of isoelectronic doping, where the additional
charge of O is neglected. The modified phonon
modes and the O impurity mode are shown in

Fig. 10b. The O mode is limited to the two nearest
neighbors on either side and resembles that of
E2(high). In the larger vicinity of the impurity the
amplitudes #e and consequently the transition
probability / #e2 of E2(high) and E1 phonons are
strongly reduced. In turn the amplitude of the O
atom is very strong and leads to a ð #eO= #eE2Þ

2

� 220-fold increased transition probability with
respect to the E2(high) mode in the unperturbed
system. The increase then is even higher � 20 000-
fold in relation to the damped E2 mode in the
perturbed case. For a linear chain of 256 atoms the
phonon dispersion including the one ON impurity
equivalent to a 0.4 at% doping concentration was
calculated leading to the DOS in Fig. 11. The O
mode appears as gap mode at 532 cm�1 below the
optical phonon band extending from E1 to E2.
Despite the small fraction of the O-related mode in
the phonon DOS, because of its large oscillation
amplitude it may be well observed in experiment.
This calculated value is very close to the values of
the Q mode at ambient pressure n ¼ 544 cm�1 and

Fig. 9. (a) Mode frequencies of various O doped samples as a

function of pressure. E2 appears as a straight line due to its

usage as a pressure scale. Between A1(TO) and E2 three bands

can be identified with Q1, Q2 and Q3. Their respective pressure

coefficients are below that of the phonons. A relative localiza-

tion energy is derived by scaling to the E2 phonon frequency

and taking the difference to the E1(TO) mode which forms the

lower edge of the optical phonon branch in this polarization.

After Ref. [36]. (b) Relative intensities of the Q modes with

respect to that of E2 for the O doped samples. Q dominates for

p511GPa. Q2 is the strongest for 115p517GPa. For higher
pressures up to the highest measured p ¼ 38GPa Q3 dominates.
This reveals a respective mode switching from Q1 to Q2 and

then Q3. After Ref. [6].

Fig. 10. (a). Longitudinal amplitude distribution of the un-

doped lattice. Three zone center modes E1, E2(low) and

E2(high) are identified. Both force constants are determined

by the frequencies of E2(low) and E2(high). E1 then is predicted

near the experimental value of the E1(TO) phonon supporting

the suitability of the model. After Ref. [36]. (b) Modal

amplitudes in the vicinity of O on N site represented by a

mass-16 atom on mass-14 site. The vibration is localized to

within the first neighbors. The amplitude of O is over tenfold

that of the unperturbed E2(high) mode and over 240-fold over

that of the perturbed one. This large ratio makes it possible to

observe the gap mode experimentally. After Ref. [36].
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strongly supports a possible nature of the Q modes
in vibrational gap modes below and in perturba-
tion to the optical phonon branch.
Within an independent model Newman et al.

[37] found a good linear approximation of the
square of the impurity mode frequency to the
isotopic mass of the impurity for light dopants on
the group-V site in GaAs and GaP. Both models
merge under the assumption of the Ga mass
approaching infinity. In this case the problem of a
chain of two different masses reduces to a single
particle problem of a single light element (Born
approximation). The single particle model qualifies
as a good approximation due to the strong
localization of the O vibration to only one
neighboring cell. Fig. 12 depicts the extrapolation
of that model over the light group-V lattice site
substitutions towards GaN :ON. The value of Q at
ambient pressure n ¼ 544 cm�1 falls within 8% of
the extrapolated value.
Recently Fall et al. [38] approached the problem

of the O vibrational gap mode in GaN in a first
principles calculation. According to their results a
strong ON associated gap mode should appear
near 500 cm�1 in infrared absorption which is
again in good agreement with our experimental
modes in Q.

4.4. Mode variation and switching

After this assignment of Q to the gap mode of
substitutional O on the N site of GaN we shall
discuss the pressure induced variations and switch-
ing of these modes. We therefore consider a
Coulombic charge of the defect. Small variations
of the force constants in the linear chain model are
introduced by a scaling factor k to the pair of k1
and k2 next to the impurity atom. Theoretical
frequencies in dependence of k are shown in
Fig. 13 together with the experimental threshold
localization levels A, B, and C. The case of
decoupled oscillators ðmGa ! 1Þ is also shown
(solid line). Within the model of coupled oscilla-
tors (filled squares), the switching sequence of the
Q1. . .Q3 modes appears as follows. Starting at level
B (k ¼ 1:05), Q moves to C and k falls to k ¼ 1:00
before with increasing p it switches back to B and
k ¼ 1:05. It then moves up again towards C. In
Modes Q2 and Q3 coexist with the dominant
mode. They first appear at or near level A
(k ¼ 1:11) and move to B and C before they
receive the major intensity, respectively. This
variation of 5% in the force constants compares
reasonable with the relative change of the nucleus
charge from N to O (14%) and the calculated

Fig. 12. Vibrational modes of light substitutional impurities in

Si, GaAs and GaP after Newman [37]. Within the model of an

isolated oscillator the square of the mode frequency is

proportional to the isotope mass. Our experimental value of

Q is in excellent extrapolation of the GaP modes of 10B, 11B,
12C, 13C, and 14C.

Fig. 11. Density of basal plane vibrational modes in the linear

chain model of wurtzite. A gap mode of O on N site appears at

529 cm�1 in perturbation to the optical phonon branch with a

binding energy of 23 cm�1. Due to its strong expected

amplitude this mode should be observed in a Raman experi-

ment. After Ref. [36].
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bond length variation of 3–4.2% around the O
impurity in GaN [9,10]. Within this limited
model the continuous variation of the localization
energy results from changing screening conditions
of the defect as defect level and Fermi level
approach each other for changing N. The discrete
steps from Q1 to Q2 and Q2 to Q3 corresponding to
Dk � 0:05 in turn are explained as transitions
between the different charge states of that defect.
Such a variation of the vibrational mode energy
with the charge state has also been seen for Si in
InP [39].
It is an important observation that the switching

threshold from Q2 to Q3 closely coincides with the
pressure threshold for the appearance of the
A1(LO) mode within the very same experiment.
This points to the question of the role of the first
threshold at p ¼ 11GPa. An answer can be found
(Fig. 14) when we include the Fermi-edge
(N ¼ 3� 1019 cm�3) as a function of p. A thresh-
old of p ¼ 11GPa marks the crossing of the Fermi
edge with the neutral localized donor level. For

p > 17GPa the Fermi-edge then is determined by
the strongly localized level.
Therefore, the close correlation of both thresh-

old levels with characteristic events of the carrier
freeze-out to the strongly localized level of O
represents a direct monitoring of its very charge
state. The threshold nature of the Q-modes reveals
three different configurations involved during the
pressure induced trapping process. A neutral
charge state follows for 11GPa5p517GPa where
the Fermi energy coincides with the neutral level.
A positive charge state follows for p511GPa,
where carriers auto-ionize to the cb edge. For N
below the Mott transition carriers then bind to the
shallow effective mass donor states. Also in the
limit of low N both pressure thresholds would
merge near the higher one for a decreasing Fermi
energy. An additional configuration of the defect
then follows for p > 17GPa. In the sequence of
positive and neutral states this third one must be

Fig. 13. Variation of the linear chain model to include for

Coulombic charge on the mass-16 dopant by scaling the

neighboring force constants with eq. A linear variation of the

binding energy of the vibration mode is found in the model of

isolated oscillators. Including coupling in the linear chain a

retarded response is seen. A variation of eq by 5% around the

isoelectronic case of eq=1.00 can explain the experimental

shifts and steps in the Q-modes. After Ref. [6].

Fig. 14. Correlation of experimental Q mode variations with

pressure and the level scheme of the electron trapping to the

deep center of O. Three Q modes reveal three different charge

states with transition pressures near 11 and 17GPa. The latter

corresponds to the transfer of electrons to the deep gap state.

The threshold at 11GPa falls close to the expected merging of

the neutral defect level with the Fermi edge for

N ¼ 3� 1019 cm�3. We therefore propose a sequence of the

atomic charge states from D+ (p511GPa) to D0

(115p517GPa) and D� (p > 17GPa). This close correlation
with the freeze-out dynamics of the O DX-center therefore

suggests a nature of the Q mode in the vibrational gap mode of

O on N-site in GaN. After Ref. [36].
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negative in charge. The sequence of charge states is
also supported by the constant step size of
switching from Q1 to Q2 and to Q3 (Fig. 9b). This
implies that O should act as a net acceptor for the
highest pressures compensating other possible
donors such as Si. This close monitoring of the
freeze-out dynamics to the O donor level by the Q-
modes is strong evidence for a nature of Q in
vibrational gap modes of O in GaN.

4.5. Oxygen as a shallow donor

The shallow donor nature of O in GaN at
ambient pressure has also been disputed in the
literature. In early photoluminescence studies a
frequently observed luminescence band a 3.42 eV
at 4K was correlated with O doping [40]. Also in
AlN deep luminescence bands have been asso-
ciated with deep gap states of O. In electron
irradiated GaN Chen et al. [41] find a detail-rich
set of luminescence lines in the infrared and
characteristic phonon replica that resemble those
in GaP :O, which had been attributed to internal
transitions of deep midgap states of O. Indeed O
does not induce a shallow donor state in GaP. This
similarity suggests that such deep levels of O also
exist in electron irradiated GaN :O. This questions
the existence of a shallow donor state and the role
of the electron irradiation needed to observe that
luminescence band. A recent first principles theory
study [38] proposes here the involvement of O
complexes, a model that could not be excluded in
the case of GaP. A direct scaling and good
quantitative agreement of N as determined by
Hall transport experiments with the O incorpora-
tion determined by SIMS depth profiles over a
wide concentration range by Meyer et al. [42]
recently, however, unambiguously establishes that
there is a shallow O donor level in as-grown GaN
material. The presence of further deep midgap
levels or complexes associated with O cannot be
ruled out from these observations.

4.6. DX-like center of O in GaN

The combination of both observations in a
single experiment, transfer of the O induced high
electron charge density to a deep donor level of O

and a vibrational gap mode that tracks the
individual charge steps of the electron trapping
process are strong evidence for a carrier capture
process to a strongly localized state of O. The fact
that three different charge states are distinguished
requires that O is in the negative charge state for
p > 20GPa. Such a situation is typically the case
for DX centers well-studied in other III–V
compounds. In that case the trapping of the
second electron is accompanied by a large lattice
relaxation of either the impurity or its environ-
ment. Direct evidence for such a relaxation was
not yet identified by our experiments. The gap
vibrational mode considered here is limited to a
vibration within the basal plane of the uniaxial
wurtzite structure. A relaxation out of this plane
along the c-axis may not reveal in the in-plane
vibration frequency.

4.7. Transfer of results to AlGaN

The application of pressure to GaN has a direct
and technologically relevant analog in the alloying
of GaN to form AlGaN. The increase of the band
gap with either pressure or alloy composition can
be used as the common scaling parameter.
According to the bandstructure model in Fig. 6
the crossing point of the cb edge and the strongly
localized level occurs at a band gap energy of
4.08 eV. The corresponding AlN fraction in
AlxGa1�xN is x ¼ 0:40. We therefore expect that
O induces a shallow effective mass level in AlGaN
only for x50:40. For x > 0:40 we conclude a
negatively charged deep gap state. O can therefore
not act as a donor for higher x and it furthermore
should act as a compensating acceptor for carriers
induced by other, shallow donors. On the con-
trary, the localized level of Si could not be found in
the pressure experiment up to p ¼ 25GPa or a
band gap energy of 4.22 eV. This transfers to an
AlN fraction of x ¼ 0:56. Up to this composition
we expect Si to behave as a shallow effective mass-
type donor in AlGaN. The range of higher x is
beyond the results of our experiments.
Early experiments on the conductivity in

AlGaN versus x [43] find a transition to an
insulator behavior for x approaching x ¼ 0:3. This
can now be interpreted as the presence of O as the
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dominant donor species. In a very recent photo-
conductivity study in AlxGa1�xN for various x
McCluskey et al. [44] find persistent conductivity
with increasing trapping barrier for increasing x.
The barrier extrapolates to a crossing point of
deep level and cb edge at x ¼ 0:3 in reasonable
agreement with our extrapolation of the pressure
experiment. This observation was specific to
samples incorporating O. Si doped material in
turn did not show this effect up to x ¼ 0:44. This
activation barrier is another evidence for a strong
lattice relaxation typical for DX centers and
supports our assignment to a DX-like behavior
of O in GaN.
Experiments by Suski et al. [45] cycling Si doped

AlxGa1�xN (0:55x50:6) in pressure and tem-
perature show that also such material exhibits
persistent conductivity. This shows that either also
Si induces a deep gap (DX) state for x > 0:5 or that
traces of O in the deep gap state can compensate
the shallow Si donor. The fact that highly
conducting AlGaN layers can be obtained in
MOVPE by Si doping up to x ¼ 0:79 on sapphire
[46] and up to x ¼ 0:5 on AlN [47], however,
shows that Si is a shallow donor up to very high
AlN fractions.
AlN is typically highly insulating and it is of

significant scientific and technological interest to
achieve an n-type conductivity. Due to its strong
affinity with Al oxygen is a very likely contaminant
during the growth. AlN is also strongly subject to
oxidation after the growth on the time scale of
months. The finding of a deep DX-like level of O
in AlGaN therefore can well explain the insulator
nature of AlN. However, recently the group of
Stutzman et al. [48] have been successful in
achieving n-type persistent photoconductivity in
Si doped AlN. The fact that such could not be
observed in O containing material shows that the
Si induced levels are higher in the band gap than
the O related.

5. Impurity localization in theory

The problem of the O impurity also has
attracted strong interest in theory and several
groups have studied the problem with first

principles calculations. The solubility of impurities
in group-III nitrides as well as their role as shallow
or strongly localized deep dopants was studied by
Boguslawski, Briggs and Bernholc [49,50], Mattila
and Nieminen [9], Park and Chadi [10], and
Stampfl and Van de Walle [11]. A classification
of impurity ground states into shallow and
strongly localized states as revealed by large lattice
relaxations has been obtained. C, O, S, Si, Ge, Be,
and Mg [7] impurities were considered on both
substitutional lattice sites. Various configurations
for DX-centers are found including a large
relaxation of the impurity along the h0 0 0 1i c-
direction (DX1, or g-BB DX configuration) or the
h1 0 0 0i a-direction (DX2, or a-BB DX config-
uration) (BB: broken bond) [10,50]. Park and
Chadi in addition consider a cation–cation bond
(CBB) formation of the first impurity neighbors
[10]. Differences of the various models include the
number of points considered to represent the
Brillouin zone and the treatment of the Ga 3d
bands as either explicit valence or core states. The
calculations also differ in the treatment of wurtzite
and zincblende host lattices. Some values are
obtained by transfer of the results obtained in
one structure, others are obtained by considering
the respective structure already in the initialization
of the calculations.
On the cation site C, Si and Ge are found to be

effective mass type donors in GaN [10,50,51]. Self-
compensation and pairing of C, Si and Ge are
found to be negligible in AlxGa1�xN only for 05
x50:4 under Ga rich conditions [49,50]. In AlN
Bernholc and Boguslawski [50] and Park and
Chadi [10] find that Si should form a DX1 state.
Here Van de Walle [12] finds a positive correlation
energy U ¼ þ0:31 eV and no stable DX center.
Consequently transitions between both, a shallow
donor nature and a DX center are expected in
AlxGa1�xN in theory for both, Si and Ge. In turn
Bernholc and Boguslawski [50] predict Si to
transfer into a DX state for x > 0:6 while Park
and Chadi find a threshold as early as x > 0:24 [10].
Van de Walle [12] predicts that Si should not

form a DX center in AlN, which is in excellent
agreement with our experimental pressure results
transferred to AlGaN alloys. This is also in good
agreement with the fact that AlxGa1�xN can be
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made n-type by doping with Si up to a concentra-
tion of x ¼ 0:79 [46] and the demonstrated
photoconductivity in Si doped AlN [48].
Next let us consider substitutions on the N site.

O is known experimentally [11,17] to incorporate
as a donor. From our perturbation by large
hydrostatic pressure O is found to behave as a
shallow donor for pressure below 20
 2GPa [5].
Then as shown O above 20
 2GPa behaves as a
strongly localized donor exhibiting DX-type be-
havior. Within the framework of the different
approaches theory very well agrees with these
findings predicting a shallow donor behavior in
GaN under normal conditions [9,10,12]. Van de
Walle [12] performed calculations for equilibrium
and a reduced crystal volume corresponding to a
pressure of 41GPa and finds a DX behavior with a
large relaxation of the O impurity towards the
third nearest Ga neighbor for pressures above
18GPa in excellent agreement with our experi-
mental results. The correlation energy for the
DX�-state is found to decrease from U ¼
þ0:48 eV (ambient pressure) to U ¼ �0:62 eV
(41GPa). This pressure result is found exclusively
for wurtzite GaN, but not for the zincblende
polytype. Park and Chadi calculated a transition
pressure of 22GPa [10].
In AlN Youngman and Harris [52,53] and

Pastrnak [54] found O to induce deep gap states
experimentally in luminescence. Recent theory
indeed finds a DX behavior in wurtzite AlN
(U ¼ �2:5 eV [10], �0.57 eV [12]). Similar to the
pressure results Van de Walle predicts this to be
unique to the wurtzite phase [12]. Accordingly
transitions between shallow donor and DX-
behavior are expected in AlGaN. Dependent on
the assumed interpolation schemes used by the
different groups different critical compositions
are found. Based on a linear variation of the
bandgap in GaN with pressure and AlGaN with
composition we [5] expect O to convert into a deep
state at x ¼ 0:40 while Van de Walle predicts x ¼
0:46 [12]. Based on a bowing parameter in AlGaN
of b ¼ �0:53 eV a value of x ¼ 0:30 is found
derived from the pressure experiments [12].
Mattila and Nieminen [9] as well as Park and
Chadi [10] predict a threshold composition as
small as x ¼ 0:2.

6. Conclusion

The role of oxygen in its shallow donor and its
DX states in GaN has been put into perspective
with recent experimental and theoretical results. In
experiments under perturbation of large hydro-
static pressure we have identified a DX-type
behavior of O in GaN by its conversion from a
shallow donor to a deep doping level. The freeze-
out dynamics could be directly monitored by the
variation and switching of a vibrational gap mode
that most-likely is that of O substituting on the N
site. We distinguish three different states of this
mode and attribute those to ionized (DX+),
neutral (DX0) and double occupied (DX�) charge
states of the substitutional O donor. All of those
findings are specific to O doped material and
within the limits of our investigation no such effect
could be observed for the Si donor. All of these
results are in excellent qualitative and quantitative
agreement with recent results of first principles
calculations. The drawn conclusions concerning
the roles of O and Si in AlGaN alloys have since
been verified independently in experiment and
theory. The threat of O contamination during
growth and during device lifetime therefore must
be given a high priority in group-III nitride
technology due to its unusual behavior. In its
scientific aspects we have established an important
link between the world of semiconductors and
insulators in the form of ceramics.
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